The human fungal pathogen Histoplasma capsulatum grows in a sporulating filamentous form in the soil and, after inhalation of infectious spores, converts to a pathogenic yeast form inside host macrophages in response to temperature. Here we report the identification of two genes (RYP2 and RYP3) required for yeastphase growth. Ryp2 and Ryp3 are homologous to each other and to the Velvet A family of regulatory proteins in Aspergillus species and other filamentous fungi. Wild-type H. capsulatum grows as filaments at room temperature and as yeast cells at 37°C, but ryp2 and ryp3 mutants constitutively grow as filaments independent of temperature. RYP2 and RYP3 transcripts accumulate to higher levels at 37°C than at room temperature. This differential expression is similar to the previously identified RYP1 transcript, which encodes a transcriptional regulator required for the yeast-phase expression program. Ryp1 associates with the upstream region of RYP2, and each of the three RYP genes is required for the differential expression of the others at 37°C. In addition to responding to the elevated temperature of the mammalian host, RYP2 and RYP3 are essential for viable spore production and regulation of sporulation at room temperature. This regulatory function is strikingly similar to the role of the Aspergillus Velvet A protein family in spore development in response to light, with the notable distinction that the H. capsulatum circuit responds to temperature. development ͉ fungal pathogenesis ͉ gene regulation ͉ microbial pathogenesis ͉ signal transduction D evelopmental programs are triggered in response to environmental stimuli in a vast array of organisms. The systemic dimorphic fungal pathogens, which grow as filaments in the soil, initiate a dramatically different developmental program during colonization of mammalian hosts (1). An outstanding question in fungal evolution is how these pathogens, which include Histoplasma capsulatum, modified ancestral pathways to develop morphology and pathogenesis programs that foster disease. Here we describe the identification and characterization of two temperature-responsive regulators of morphology in H. capsulatum. Of note, these factors are homologous to a regulator in the filamentous fungus Aspergillus nidulans that controls cellular development in response to light (2).
D
evelopmental programs are triggered in response to environmental stimuli in a vast array of organisms. The systemic dimorphic fungal pathogens, which grow as filaments in the soil, initiate a dramatically different developmental program during colonization of mammalian hosts (1) . An outstanding question in fungal evolution is how these pathogens, which include Histoplasma capsulatum, modified ancestral pathways to develop morphology and pathogenesis programs that foster disease. Here we describe the identification and characterization of two temperature-responsive regulators of morphology in H. capsulatum. Of note, these factors are homologous to a regulator in the filamentous fungus Aspergillus nidulans that controls cellular development in response to light (2) .
H. capsulatum is a primary fungal pathogen endemic to the Mississippi and Ohio River Valleys. It grows in the soil as filamentous cells that produce vegetative spores. When the spores or filaments are aerosolized, the particles can be inhaled into the lungs of a mammalian host, where the fungal cells convert into a budding-yeast form that is able to survive and replicate within host macrophages. The ability of cells to adopt the yeast growth program is thought to be critical for H. capsulatum virulence (3, 4) . Interestingly, the morphologic switch from the filamentous form to the yeast form can be recapitulated in culture by changing the temperature (room temperature growth triggers the soil form of the organism, whereas growth at 37°C triggers the host form of the organism). We recently identified Ryp1, a key transcriptional regulator required for yeast-phase growth at 37°C (5). Ryp1 is required for the vast majority of the yeast expression profile, but little else is known about the regulatory network that governs how temperature activates growth in the yeast phase.
In this study, we use a genetic screen to identify key regulators of morphological development in H. capsulatum. We identified two genes (RYP2 and RYP3) that are required for yeast-phase growth at 37°C. We show that both RYP2 and RYP3 transcripts are more highly expressed in yeast cells at 37°C than in filaments grown at room temperature. Furthermore, we show that regulation of RYP1, RYP2, and RYP3 is interdependent, suggesting that each is required for the expression and function of the others.
Notably, Ryp2 and Ryp3 are homologous to the Velvet A (VeA) family of regulators (which includes VeA, VelB, and VosA) from the filamentous fungus A. nidulans. Although Aspergillus species do not change their morphology in response to temperature, these fungi do exhibit VeA-dependent regulation of developmental programs, such as the production of spores, in response to environmental conditions such as light (6, 7) . In addition, the VeA orthologs in the filamentous fungi Fusarium verticillioides, Acremonium chrysogenum and Neurospora crassa regulate hyphal morphology and spore formation (8) (9) (10) . Taken together with this study, these data indicate that the Velvet proteins are conserved fungal factors that regulate distinct developmental pathways in response to diverse environmental stimuli.
Results
Identification of RYP2 and RYP3 as Regulators of Cell Fate. A genetic screen was used to identify genes required for yeast-form growth at 37°C. Insertional mutagenesis was performed on wild-type H. capsulatum G217B by using A. tumefaciens-mediated transformation (11) . Whereas wild-type cells growing in the yeast form give rise to shiny, smooth colonies, morphology mutants that are trapped in the filamentous form grow as dull, fuzzy colonies. Of the 40,000 insertion mutants assessed at 37°C, 15 constitutively filamentous mutants were identified and further analyzed. Inverse PCR and Southern analysis were used to identify two mutants [M9 and M15, supporting information (SI) Fig. S1 ] with independent insertions in the same ORF, which we named RYP2 (required for yeast-phase growth), and one mutant (F14, Fig. S1 ) with a 20-kb deleted region. The chromosomal deletion in F14 eliminated three ORFs, one of which was homologous to the RYP2 ORF, one of which had no significant BLAST homology, and one of which represented the remnants of a retrotransposon. We hypothesized that the RYP2 homolog might be responsible for the F14 mutant phenotype, and named the corresponding ORF RYP3.
Microscopic analyses were performed to compare the morphology of wild-type and mutant cells at 37°C (Fig. 1A) . Whereas wild-type cells grew in the yeast form, the ryp2 and ryp3 mutants failed to produce yeasts and instead grew as filaments, indicating that the mutants do not sense or respond appropriately to temperature. The mutant filaments displayed terminal bulbous structures of unknown significance. In addition to the prominent 37°C morphology defects, the ryp2 and ryp3 mutants also displayed a phenotype at room temperature. Whereas wild-type strains do not produce many spores under submerged, shaking culture conditions at room temperature, both the ryp2 and ryp3 mutants showed robust, inappropriate sporulation under these conditions (Fig. 1 A) . These phenotypes were reminiscent of the ryp1 mutant (5), and suggest that RYP2 and RYP3 regulate developmental processes at both room temperature and 37°C.
Because the original ryp3 insertion mutant contained a large chromosomal deletion (Fig. S1) , it was critical to test whether the mutant phenotype was linked to absence of the RYP3 gene. No markers were available for complementation of the mutant phenotype, and we were unable to obtain gene disruptions of RYP2 or RYP3 due to the inefficient nature of this technology in H. capsulatum. We generated episomal plasmids that expressed RNA interference (RNAi) constructs for each gene (Fig. S2 ) and transformed these plasmids into H. capsulatum yeast cells. Targeted knockdown of RYP2 or RYP3 by RNAi recapitulated the mutant phenotypes (Fig. 1B) . Upon loss of the episomal RNAi plasmids, the wild-type phenotype was restored (Fig. 1B ).
Ryp2 and Ryp3
Are Homologous to VeA. Ryp2 and Ryp3 are both homologous to Velvet A (VeA), a regulator of asexual and sexual development in A. nidulans (2) . Specifically, Ryp2 is the ortholog of the VeA family member VosA [which regulates the production and viability of asexual spores (7)], and Ryp3 is orthologous to VelB [which is required for sexual spore formation (12) ]. In addition to Ryp2 and Ryp3, H. capsulatum has a third homolog of unknown function, which we named Vea1 because it is most closely related to VeA. The three-member VeA family is highly conserved among other dimorphic and constitutively filamentous fungi (Fig. 2) , but it is not present in strictly yeast-phase species such as Saccharomyces cerevisiae (2) .
Because H. capsulatum genes tend to contain multiple small introns, it was necessary to sequence the Vea1, Ryp2, and Ryp3 cDNAs to determine the spliced coding sequences and predicted translation products (GenBank accession numbers EU543494-EU543496, Fig. S2 ). Protein alignments revealed three highly conserved blocks of amino acids along with regions of charged residues and proline-rich stretches (Fig. S3) . Sequence motifs that would imply a particular biochemical function were not observed in Vea1, Ryp2, or Ryp3. To determine whether the expression levels of RYP2 or RYP3 were regulated in response to temperature and/or cell morphology, we used quantitative reverse transcriptase PCR (qRTPCR) and Northern blot analyses to evaluate RYP2 and RYP3 transcripts in wild-type cells grown at either 37°C (yeast cells) or room temperature (filaments). Expression of RYP2 was Ϸ15-fold higher in wild-type yeast cells compared to filaments, whereas expression of RYP3 was Ϸ5-fold higher in yeast vs. filaments ( Fig. 3 A and B) . Nonetheless, both genes showed expression at room temperature, consistent with a role at this temperature in addition to 37°C (Fig. 3C) .
Expression of RYP Genes Is Interdependent. We were interested in understanding the basis of the enriched expression of RYP2 and RYP3 at 37°C in yeast cells. RYP1 is a transcriptional regulator required for yeast-phase growth at 37°C in H. capsulatum (5). Because the ryp1 mutant strain displayed phenotypes similar to those of ryp2 and ryp3, we investigated whether RYP1 was required for differential expression of RYP2 and 3. In parallel, we analyzed the expression of each RYP gene in the absence of the others. The level of each RYP transcript was analyzed in the control strain, stably integrated RYP2 or RYP3 RNAi strains, and the ryp1 mutant strain ( Fig. 3D-F) . Surprisingly, each RYP gene was required for the high level of expression of the other RYP genes at 37°C. This decreased RYP gene expression in each of the mutants could be a secondary consequence of their filamentous growth ( Fig. 3 A-C, ref. 5 ). However, in that case, the expression level of the RYP genes in the mutants at 37°C would be equivalent to that of wild-type filaments. Instead, in each of the ryp mutants, the expression level of all of the RYP genes at 37°C was significantly lower than that of wild-type filaments (Table  S1 ). For example, in the ryp2 mutant growing filamentously at 37°C RYP3 transcript levels were, on average, 7-fold lower than in wild-type filaments. Similarly, in the ryp3 mutant, levels of RYP2 transcript were Ϸ24-fold lower than in wild-type filaments. A similar, but less dramatic, trend was observed for the RYP1 transcript, which was 2-3-fold lower in the ryp2 and ryp3 mutants compared to wild-type filaments. These data imply that loss of RYP gene expression is not simply a secondary consequence of filamentous growth, and that regulation of each of the RYP genes is interdependent.
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Ryp1 Associates with the RYP2 Promoter. Because Ryp1 is a transcriptional regulator that associates with DNA (5), we tested whether it associates with the upstream regions of either RYP2 or RYP3. Using chromatin immunoprecipitation (ChIP) and quantitative PCR (qPCR) analysis, we compared the occupancy of Ryp1 at discrete locations upstream of the RYP2 or RYP3 ORF to the occupancy of Ryp1 at a reference control ORF. The entire intergenic region between either RYP2 or RYP3 and the most proximal upstream ORF was examined (Table S2 ). Interestingly, Ryp1 was associated with DNA upstream of the RYP2 ORF, but not upstream of the RYP3 ORF, at 37°C (Fig. 4) . Enhanced association was observed at Ϸ500, 4,500, and 5,500 bp upstream of the RYP2 ATG; the long-range association events at Ϫ4500 and Ϫ5500 were reminiscent of the binding characteristics of Wor1, the Candida albicans Ryp1 ortholog (13, 14) . Similar association events were obtained by using ChIP-on-chip studies aimed at determining all Ryp1 target loci (M. Gutierrez, M. Voorhies, and A. Sil, unpublished work). These results indicate that Ryp1 may directly regulate RYP2, but not RYP3, expression.
Production of Viable Spores Requires RYP2 and RYP3. The observation that deregulated spore production occurs in ryp2 and ryp3 mutants at room temperature ( Fig. 1) suggested that Ryp2 and Ryp3 may control sporulation. In addition to inhibiting spore production under submerged, shaking conditions, we wanted to determine whether Ryp2 and Ryp3 were required for the formation of normal spores under conditions that promote sporulation. Control and integrated RYP2 and RYP3 RNAi strains were allowed to produce spores under standard conditions. Spores from each strain were isolated and microscopic analysis revealed that the control strain produced both small smooth and larger tuberculate spores, whereas the ryp2 and ryp3 mutant strains predominately produced large tuberculate spores (data not shown). Although most of the control spores appeared full of cellular material, the majority of the mutant spores were in varying stages of lysis (Fig. 5A) . The viability of the spores was tested at regular intervals for 7 days after harvesting. Both the ryp2 and ryp3 mutant spores displayed severe viability defects (at least a 10-fold decrease) when compared to control spores (Fig.  5B) . These data indicate that, like A. nidulans VosA, Ryp2 and Ryp3 are required for the production of normal viable spores (7).
The Switch to Yeast-Form Growth in the Presence of Host Cells
Requires RYP2 and RYP3. Temperature is a key signal that stimulates H. capsulatum yeast-form growth in the host, but the existence of other uncharacterized host-dependent signals has been suggested (15, 16) . To determine whether host factors produced by macrophages could induce a morphologic change in the ryp mutants, we infected murine bone marrow derived macrophages with spores from control or the integrated RYP2 or RYP3 RNAi strains and observed them over a period of 72 h. Although the majority of ryp2 and ryp3 spores were inviable and did not germinate, it was possible to assess and quantify the cellular morphology of 150 germinating spores associated with macrophages for each strain. As expected, the control spores predominantly germinated to give rise to yeast cells (71 Ϯ 3%) when associated with macrophages (Fig. 6) , whereas the remainder gave rise to filaments. In the ryp2-or ryp3-infected macrophage populations, spores germinated to give rise only to filaments, and yeast cells were never observed (Fig. 6 ). These data suggest that the ability of macrophages to promote yeastphase growth is dependent on RYP2 and RYP3.
Discussion
Functional genomic comparisons and molecular studies have revealed that transcriptional networks can undergo dramatic rewiring during evolution (17) (18) (19) (20) (21) (22) ). An outstanding question in fungal biology is how the systemic dimorphic fungal pathogens, which initiate a host-colonization program in response to temperature, have evolved temperature-dependent regulatory circuits from the ancestral state (23). Here we describe the iden- tification of two conserved fungal proteins, Ryp2 and Ryp3, which are required for H. capsulatum to grow in the parasitic yeast form in response to host temperature. In the ascomycete lineage, Ryp2 and Ryp3 are highly conserved in systemic dimorphic and filamentous fungi (Fig. 2) , but clear homologs are not present in fungi that grow exclusively as yeast, such as the Saccharomycetales (2). In filamentous fungi, homologs of Ryp2 and Ryp3 control spore formation and viability (2) . Interestingly, we also show that in addition to their role in yeast-form growth, Ryp2 and Ryp3 are required for appropriate spore production and viability during H. capsulatum filamentous growth. These data indicate that Ryp2 and Ryp3 have distinct functions under different environmental conditions. Furthermore, it is likely that the systemic dimorphic fungi have adapted a conserved module that controls sporulation in filamentous fungi for use in regulation of yeast-phase growth at 37°C (Fig. 7) . Molecular studies in filamentous fungi including Aspergillus, Fusarium, and Neurospora have defined the roles of Ryp2 and Ryp3 homologs in the regulation of cellular development (2, (6) (7) (8) (9) (10) 12) . These proteins are members of the Velvet A family, which includes VeA, VelB, and VosA. The role of VeA and VelB in spore and hyphal development has been best characterized in A. nidulans, in which they are required to promote sexual spore development as well as to inhibit the formation of asexual spore structures (Fig. 7) (2, 12) . A. nidulans VosA has been shown to be required for appropriate asexual sporulation and spore viability (Fig. 7) (7) . The first breakthrough regarding the biochemical functions of these proteins comes from a recent study showing that VeA binds VelB as well as the putative methyl transferase LaeA, which is thought to regulate gene expression (12) . Our data are consistent with an analogous role for Ryp2 and Ryp3 in the regulation of yeast-phase and spore transcriptional programs.
We observed that Ryp2 and Ryp3 are required for the differential expression of the transcriptional regulator Ryp1 at 37°C. Ryp1 is required for the majority of the yeast-phase specific gene expression program (5), including the higher levels of expression of Ryp2 and Ryp3 at 37°C. Indeed, we determined that the enhanced expression of all three RYP genes at 37°C is interdependent: When accumulation of any single RYP transcript is disrupted, the other two RYP transcripts are no longer highly expressed. These data may help explain the apparent lack of functional redundancy between RYP2 and RYP3, as disruption of either results in failure to transcribe both genes. Interestingly, Ryp1 associates with the upstream regulatory region of RYP2 but not RYP3, suggesting that Ryp1 may directly regulate RYP2, but not RYP3. Taken together, these data suggest that Ryp1, 2, and 3 could function in a complex to regulate the transcription of yeast-specific genes, analogous to the complex formed by VeA, VelB, and LaeA. In addition, ryp2 and ryp3 mutants undergo inappropriate sporulation, much like that observed with ryp1 mutants (5), suggesting that the three Ryp proteins may share a role in regulation of sporulation at room temperature. Of note, although Ryp1 is conserved across all fungal orders, Ryp2 and Ryp3 are found only in the filamentous and systemic dimorphic fungi, indicating that transcriptional regulation by Ryp1 orthologs in other fungi, such as the C. albicans Wor1, does not involve proteins homologous to Ryp2 or Ryp3.
Because RYP1 is required for expression of virulence genes, and because RYP2 and RYP3 are required for Ryp1 accumulation at 37°C, it is likely that RYP2 and RYP3 are also required for the expression of virulence genes. It would be interesting to directly assess the role of RYP2 and RYP3 in virulence. However, conventional mouse models of Histoplasma pathogenesis require infection with discrete fungal particles, such as spores or yeast cells, but not filaments. Mutants lacking ryp2 or ryp3 cannot grow in the yeast form, and the severe viability defect of ryp2 and ryp3 mutant spores made it impossible to use these cells in a mouse infection. Future development of conditional alleles of RYP2 and RYP3 will help determine the role of these genes in pathogenesis.
Temperature is the best characterized signal known to stimulate yeast-form growth in H. capsulatum. The existence of host-specific signals other than high temperature is implied by the observation that conversion of H. capsulatum cells to the yeast form occurs faster within host cells than in culture (24) . Because phagocytosis of ryp2 or ryp3 mutant spores by macrophages fails to trigger yeast-form growth, either ryp2 and ryp3 mutants are refractory to temperature-independent host signals, or these signals are not sufficient to shift morphology in the absence of the temperature-and RYP-dependent program. In sum, these data indicate that Ryp2 and Ryp3 are essential regulators of yeast-form growth. In addition, the requirement of these regulators to produce viable asexual spores, which are thought to be the most common infectious particle during the natural course of infection, highlights the important role of these regulators in H. capsulatum biology and pathogenesis.
Materials and Methods
A complete description of all materials and methods can be found in the SI Text. H. capsulatum G217B (ATCC 26032) and G217Bura5⌬ (WU15), both generously provided by William Goldman (Washington University, St. Louis, MO), were grown in the yeast or mycelial form by changing the temperature of the culture environment.
Yeast-Form Cultures. G217B and G217Bura were grown in Histoplasma macrophage medium (HMM) liquid or on HMM agarose plates (25) . G217Bura5⌬ cultures were supplemented with 0.2 mg/ml uracil (Sigma-Aldrich). Broth cultures were grown at 37°C with 5% CO2 on an orbital shaker at 120 -150 rpm. Plates were grown in a humidified incubator at 37°C with 5% CO2. Cells were thawed fresh from frozen stock and passaged on HMM agarose plates every 1-2 weeks for up to 2 months. Fig. 7 . Regulatory diagram comparing homologous developmental regulators in A. nidulans and H. capsulatum. Although the inputs (light and temperature) into these regulatory pathways are different, the outputs are remarkably similar (regulation of cellular development). Light inhibits A. nidulans VeA accumulation in the nucleus, resulting in the inhibition of sexual spore development and the production of asexual spores. VeA has been shown to bind VelB (the Ryp3 ortholog), and both are required for sexual spore formation in the absence of light. VosA, the Ryp2 ortholog, is required to produce viable asexual spores and to inhibit inappropriate asexual sporulation. In H. capsulatum, Ryp2, Ryp3, and the transcriptional regulator Ryp1 function at room temperature (RT) to produce viable asexual spores and to inhibit inappropriate asexual sporulation. At 37°C, each of these Ryp transcripts accumulates to higher levels than at RT, as indicated by the red color. This transcript accumulation is interdependent, as described in the text and indicated by the bidirectional arrow. In addition, Ryp1 associates with the Ryp2 promoter, implying that Ryp1 directly regulates Ryp2 accumulation. We showed previously that Ryp1 associates with its own promoter at 37°C, suggesting the presence of a positive feedback loop as indicated by the circular arrow (5).
grown for 2-4 weeks at room temperature on an orbital shaker at 120 rpm to establish robust mycelial cultures. Cultures were passaged every 1-2 weeks at 1:20 dilution. ryp2, ryp3, and ryp1 mutant strains were grown on either HMM or 3M (26) agar plates in a humidified incubator at 37°C. Liquid cultures of the filamentous mutants were grown in either HMM broth or HMM supplemented with 200 g/ml hygromycin B (Roche) at 37°C with 5% CO2 on an orbital shaker at 120 rpm. Cultures were passaged every 1-2 weeks at 1:20 dilution.
A. tumefaciens-mediated transformation was used to generate insertion mutants as previously described (11) . RNAi (27) , RNA isolation, Northern analysis, qRTPCR and chromatin immunoprecipitation were performed as previously described (5) . Standard sporulation conditions were used to produce spores from control and mutant RNAi strains. Spores were harvested in PBS and inoculated onto BHI plus 10% sheep's blood agar plates at regular intervals over the 7-day time course. Macrophages were infected with control or RNAi mutant spores at a multiplicity of infection (MOI) of 0.1. Cells were fixed and stained at 48 and 72 h post infection.
